We report on optical spectroscopy on the lacunar spinels GaV4S8 and GeV4S8 in the spectral range from 100 to 23 000 cm −1 and for temperatures from 5 to 300 K. These multiferroic spinel systems reveal Jahn-Teller driven ferroelectricity and complex magnetic order at low temperatures. We study the infrared-active phonon modes and the low-lying electronic excitations in the cubic high-temperature phase, as well as in the orbitally and in the magnetically ordered low-temperature phases. We compare the phonon modes in these two compounds, which undergo different symmetrylowering Jahn-Teller transitions into ferroelectric and orbitally ordered phases, and exhibit different magnetic ground states. We follow the splitting of the phonon modes at the structural phase transition and detect additional splittings at the onset of antiferromagnetic order in GeV4S8. We observe electronic transitions within the d-derived bands of the V4 clusters and document a significant influence of the structural and magnetic phase transitions on the narrow electronic band gaps.
I. INTRODUCTION
The cluster compounds studied belong to the family of lacunar spinels AV 4 S 8 , with A = Ga or Ge, consisting of weakly linked cubane (V 4 S 4 ) n+ and tetrahedral (AS 4 ) n− clusters, arranged in a fcc structure with F 43m cubic non-centrosymmetric symmetry at hightemperatures. This structure is derived from a cubic normal spinel AV 2 S 4 by removing every second A-site ion. The V 4 units form stable, strongly bonded molecules with a unique and collective electron distribution and well-defined spin. In the gallium compound with n = 5, vanadium exhibits an average valence of 3.25 and the V 4 molecule is characterized by 7 electrons. In the germanium lacunar spinel with n = 4, the four V 3+ ions constitute a molecule with 8 electrons. [1] [2] [3] [4] [5] [6] In a molecular orbital scheme of V 4 clusters, the highest occupied cluster orbitals are triply degenerate with one or with two unpaired electrons in case of the Ga and Ge compounds, respectively. Hence, each V 4 cluster carries a spin S = 1/2 for the Ga and S = 1 for the Ge compound. Due to partial occupation of the triply degenerate electronic levels, both compounds are Jahn-Teller (JT) active. However, the different electronic configurations of the two compounds result in specific JT distortions and consequently in different crystal symmetries of the orbitally ordered phases: In GaV 4 S 8 the V 4 tetrahedra are elongated along one of the cubic body diagonals, resulting in a rhombohedral structure with R3m symmetry, 1, 2 while in GeV 4 S 8 the vanadium tetrahedra distort with one long and one short V-V bond on adjacent sites, into an orthorhombic Imm2 phase. 1, 3 In both compounds, the orbitally ordered phases are ferroelectric.
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In the cubic paramagnetic high-temperature phase, both lacunar spinels exhibit moderate antiferromagnetic (AFM) exchange interactions, indicating stable magnetic moments below room temperature. However, in the orbitally ordered phase GaV 4 S 8 exhibits ferromagnetic exchange and subsequently at T = 12.7 K, undergoes a phase transition into a cycloidal phase with ferroelectric excess polarization. 5, 8 In addition, at low temperatures and moderate magnetic fields the Ga compound hosts a Néel-type skyrmion lattice, before a fully spinpolarized state is reached at slightly higher magnetic fields. 9 In clear distinction, in the orbitally ordered phase of GeV 4 S 8 , the magnetic exchange remains unaltered and the Ge compound becomes antiferromagnetic below 14.6 K. 6 In literature, there exist no reports on further symmetry lowering at the magnetic transition in GaV 4 S 8 . AFM order in GeV 4 S 8 seems to be commensurate and has been associated with the space group P mn2 1 , which is also compatible with ferroelectricity. 1, 7 However, there also exist contradictory reports in literature. 4 Despite a plethora of interesting phenomena emerging in these compounds, not much is known about phonon properties and about low-lying electronic and orbital transitions in lacunar spinels. The phonon modes of GaV 4 S 8 have been studied by Hlinka et al. 10 by Raman and infrared spectroscopy. These authors interpreted the phonon spectra at selected temperatures with the aid of ab-initio calculations. By combining group-theory analysis and first-principle calculations of electron-phonon coupling constants, Xu and Xiang 11 presented a case study on orbital-order driven ferroelectricity using GaV 4 S 8 as a prototypical example. The polar relaxational dynamics at this orbital-order driven ferroelectric transition was studied very recently by THz and broadband dielectric spectroscopy. 12 The ferroelec-tric transition was characterized as order-disorder type, but having first order character. Band structure calculations and resulting magnetic exchange interactions for GaV 4 S 8 have also been published by Zhang et al.
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Combined first-principle calculations and an experimental study of the phonon modes in GeV 4 S 8 were performed by Cannuccia et al. 14 In this work, based on the size of the electronic band gap and on phonon eigenfrequencies, the authors speculated that the room temperature space group in the germanium compound may not be F 43m, but rather I4m2 and that this space group probably results from dynamic JT distortions, which are present already far above the structural phase transition. Recent THz studies were reported by Warren et al. 15 on polycrystalline and by Reschke et al. 16 on single crystalline GeV 4 S 8 .
In the present manuscript, we provide a detailed investigation of the infrared (IR) active phonon modes of GaV 4 S 8 and GeV 4 S 8 for temperatures ranging from 5 to 300 K. Specifically, we followed the temperature dependencies of eigenfrequencies and damping, focusing on the behavior close to the structural and magnetic phase transitions. In addition, we traced the lowenergy electronic transitions below 4 eV to gain insight into the nature of the electronic band gaps and to check for possible temperature-dependent band shifts and for the influence of phase transitions on the band-gap energies. The influence of magnetic order on optical phonon frequencies [17] [18] [19] [20] and anomalous absorption edge shifts in magnetic semiconductors 21, 22 has been studied in detail, mainly on spinel compounds already some time ago. In many of these compounds, anomalous absorption-edge shifts were observed when entering the low-temperature magnetic phases due to spin-lattice coupling.
II. EXPERIMENTAL DETAILS
Optical spectroscopy has been performed on naturally grown (111) surfaces of well-characterized single crystals. Experimental details concerning sample preparation and characterization of GaV 4 S 8 and GeV 4 S 8 are given in Refs. 5 and 6, respectively. The optical reflectivity measurements were carried out using the Bruker Fouriertransform spectrometers IFS 113v and IFS 66v/S, both of them equipped with He-flow cryostats (CryoVac). With the set of mirrors and detectors used for these experiments, we were able to cover a frequency range from 100 to 23 000 cm −1 . In the low frequency region (up to 6 000 cm −1 ), a gold mirror was used as reference, while at higher frequencies a silver mirror was utilized. For the evaluation of phonon eigenfrequencies and damping, we directly analyzed the measured reflectivity with a standard Lorentz model for the complex dielectric function with the program RefFIT developed by A. Kuzmenko, 23 to obtain values of eigenfrequency ω j , oscillator strength ∆ j , and damping parameter γ j . The complex dielectric constant has been derived from the reflectivity spectra by means of Kramers-Kronig transformation with a constant extrapolation towards low frequencies and a smooth ω −1.5 high-frequency extrapolation, followed by a ω −4 extrapolation beyond 8 × 10 5 cm −1 . In analyzing the optical conductivity, we carefully checked the influence of these extrapolation procedures on the results below 2 × 10 4 cm −1 , relevant for this work.
FIG. 1. Semilogarithmic plot of the frequency dependence of the reflectivity spectra of GaV4S8 (a) and GeV4S8 (b) at a series of temperatures between 10 and 300 K. The data at 10 K correspond to the measured reflectivity. The indicated reflectivity scales in (a) and (b) are relevant only for the 10 K data. For clarity, the reflectivities for the higher temperatures were shifted by a constant offset of 0.05, each. Red arrows in both panels indicate the lowest-energy electronic excitations, i.e. the region of the gap edge. Figure 1 shows the frequency dependence of the reflectivities measured in GaV 4 S 8 and GeV 4 S 8 for frequencies up to 23 000 cm −1 for a series of selected temperatures between 10 and 300 K. Phonons are visible for wavenumbers below 600 cm −1 , while the fingerprints of electronic transitions appear between 3 000 cm −1 and 6 000 cm −1 . These weak peak-like structures, being the manifestations of the gap edge in the reflectivity, likely correspond to transitions within the d bands of the vanadium V 4 molecules. From detailed band-structure calculations it is clear that the electronic density of states near the chemical potential is dominated by bonding states of the V 4 molecular clusters and that the insulating band gap in both compounds is determined by electronic transitions within vanadium-derived d bands.
1,11 LDA + U calculations yield narrow band gaps of 140 meV and 200 meV for the Ga and Ge compound, respectively.
1,2 Already a first inspection of the reflectivity data makes clear thatin agreement with the theoretical predictions -the electronic transitions with vanadium d band character are at higher frequencies in the Ge compound when compared to GaV 4 S 8 . In both materials, these transitions become significantly more pronounced on decreasing temperatures. From resistivity measurements, a band gap of 240 meV has been deduced for the Ga compound, 5 while in GeV 4 S 8 the gap was found to be about 300 meV.
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From these measurements it was concluded that, in both compounds, the energy gaps are strongly temperature dependent and that at low temperatures hopping transport dominates the dc resistivity. Concerning phonon excitations, in the cubic high-temperature phase, in Fig.1 only four phonon modes out of the six IR allowed modes are observed.
A. Phonons
The phonon spectra of GaV 4 S 8 and GeV 4 S 8 were measured in the far-infrared (FIR) frequency regime between 5 and 300 K. 2(e) and (f)] phases. In GaV 4 S 8 , four phonon modes can be observed at room temperature. On lowering the temperature, two additional modes appear just below the structural phase transition at T JT = 44 K, due to the lowering of the crystal symmetry from cubic to rhombohedral. At the magnetic transition (T C = 12.7 K) no further phonon splitting is observed in GaV 4 S 8 . In GeV 4 S 8 also four phonon modes appear in the high-temperature cubic phase. Below the symmetry-lowering structural phase transition at T JT = 30.5 K, where the crystal symmetry changes from cubic to orthorhombic, three additional modes appear in the phonon spectra of GeV 4 S 8 .
In contrast to GaV 4 S 8 , in GeV 4 S 8 a further small splitting of three phonon modes is detected below the antiferromagnetic phase transition at T N = 14.6 K. This splitting is best seen in the lowest frequency mode, just above 300 cm −1 , where a shoulder evolves at the highfrequency flank, just at the onset of AFM order. To fur- ther document this additional phonon splitting in the Ge compound, Fig. 3 shows enlarged views of the reflectivity from 300 to 340 cm −1 [ Fig. 3(a) ] as well as from 430 to 500 cm −1 [ Fig. 3(b) ], in the high temperature cubic phase (300 K), in the paramagnetic and orbitally ordered phase (25 K) and in the AFM ground state (8 K). On decreasing temperatures, the phonon mode which appears close to 305 cm −1 in the high-temperature cubic phase [ Fig. 3(a) ], hardens with no indications of splitting at the JT transition and softens again in the magnetically ordered phase. The evolution of a shoulder indicates a splitting of this mode with the onset of AFM order. The mode close to 320 cm −1 [ Fig. 3(a) ] splits at the JT transition into three modes, with one mode undergoing a further splitting at the AFM phase transition. The phonon mode close to 450 cm −1 [ Fig. 3(b) ] undergoes a splitting in two modes at the JT transition, with the lower frequency mode undergoing a further splitting at the onset of AFM order.
We offer three possibilities to explain the emergence of new modes in the antiferromagnetic phase: i) although the symmetry is orthorhombic already below T JT , an extra term in the distortion upon magnetic ordering is needed to clearly observe the mode splitting. This interpretation seems to be consistent with x-ray scattering results below the Néel temperature: In the magnetically ordered phase only a change of the diffraction profiles was reported, 3 indicating further distortions without change of symmetry. ii) This mode splitting could be reminiscent of exchange-driven phonon splitting that was found in a number of spinel compounds. 19, 20, 24, 25 Finally iii), antiferromagnetic spin order induces in principle a doubling of the unit cell, and any weak spin-lattice coupling could be responsible for additional modes. Indeed, neutron diffraction revealed a doubling of either the orthorhombic a or b axis below T N , 1 strongly favoring this scenario. Comparing the IR spectra of the two compounds, at 300 K the eigenfrequencies of the four experimentally observed modes are very similar, but the intensities exhibit marked differences and document significant alterations of the oscillator strengths and hence, of the ionic plasma frequencies of the modes.
The primitive cell of lacunar spinels contains one formula unit, which gives a total of 39 modes. Group theory predicts 3A 1 +3E +3F 1 +6F 2 zone center optical phonon modes in the cubic state, out of which only the F 2 modes are IR active. As clear from Figs. 2(a) and (b) only four modes are detected. Reflectivity spectra in the lowfrequency range down to 100 cm −1 (not shown) do not reveal additional phonon excitations. Therefore we conclude that these two modes have too low optical weight. This is in accord with results from Hlinka et al. 10 , where also only four IR active modes were detected. Two further F 2 modes, which were theoretically predicted 10 close to 133 and 203 cm −1 are unobservable. Despite significantly different ionic plasma frequencies, this is also true for the Ge compound. In THz transmission experiments, at low temperatures an excitation close to 90 cm −1 was observed for GeV 4 S 8 (Ref. 16 ), which might be assigned to a calculated B 2 phonon mode at 67.4 cm −1 , obtained by density functional theory for the Imm2 structure.
14 For a detailed analysis of the phonon spectra, we fitted all reflectivity data using the RefFIT fit routine.
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To describe the experimental data, the following sum of Lorentz oscillators was used for the complex dielectric function (ω):
Here, ω j , γ j and ∆ j denote eigenfrequency, damping and the dielectric strength of mode j, respectively. ∞ corresponds to high-frequency electronic contributions to the dielectric constant. It is useful to define the ionic plasma frequency Ω j of mode j, which is related to the oscillator strength via
From the dielectric function (ω), the reflectivity R(ω) can directly be calculated according to
Using this approach, we fitted the reflectivity data and the fit results are shown as solid lines in Fig. 2 . Overall, the fitted spectra are in satisfactory agreement with the experimental data. Stronger deviations between the fits and experimental data appear in the orbitally and magnetically ordered phases at the lowest wave numbers shown in Fig. 2 . These deviations could result from strong relaxational modes 12 or from low-lying optical phonons 15 beyond the experimentally accessible spectral range. One could also speculate that low-lying molecular excitations of the vanadium clusters may become relevant at low temperatures. In systems with strong spin-phonon coupling the line shapes of the phonon modes can become asymmetric. 26 In these cases Fano-type functions have to be used to obtain better fits. As strong spin-phonon coupling can be expected in the compounds under consideration, we also tried to improve the fit quality by using Fano line shapes. However, we found no significant improvements of the fits.
Figures 4 and 5 show the temperature dependences of eigenfrequency ω j and damping γ j of the phonon modes of GaV 4 S 8 and GeV 4 S 8 , respectively. For T > T JT significant temperature dependences of the eigenfrequencies and damping constants can be observed in both compounds. Neglecting effects, which seem to be strongly correlated with the occurrence of phase transitions, for all phonon modes the eigenfrequencies decrease with increasing temperature, while damping effects rather increase. This continuous decrease of eigenfrequencies and continuous inrease of damping effects on increasing temperatures, is the expected behavior of canonical anharmonic dielectric solids, which mainly result from phononphonon interactions. [27] [28] [29] In the present work, we do not want to present detailed calculations of phonon frequency shifts and damping constants. Our main aim is to derive a phenomenological description of the anharmonic behavior and to determine in this way possible shifts in eigenfrequencies or changes in damping, due to the occurrence of orbital order at the JT transition or due to the onset of magnetic order. Following the work of Balkanski et al. 30 , the temperature dependence of the eigenfrequencies of an anharmonic solid can be described by the following expression:
In this simplified anharmonic model the damping increases with increasing temperature as:
Here ω 0j and γ 0j denote eigenfrequency and the damping of mode j at T = 0 K.hΩ corresponds to the energy of the characteristic frequency of the decaying phonon modes. The parameters c j and d j are additional parameters, which describe the strengths of the anharmonic contributions for eigenfrequencies and damping for different modes. This ansatz for the temperature dependence of frequency shift and damping is only based on three-phonon processes and has to be viewed as a mere parametrization of anharmonic contributions. It has been shown experimentally that four phonon processes play a minor role only and usually can be neglected.
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For GaV 4 S 8 , the temperature dependence of the eigenfrequencies above the structural phase transition can be described by Eq. (4), with an average characteristic frequency Ω of 243 cm −1 for all four phonon modes, as indicated by the solid lines in Fig. 4 . Deviations from anharmonic behavior mainly occur near the structural phase transition. This especially is true for the high-frequency phonon mode [ Fig. 4(a) ], where the eigenfrequency softens when approaching the phase transition from high temperatures and strongly decreases below T JT . For the phonon modes shown in Figs. 4(e) and (g), the eigenfrequencies decrease for T < T JT . Only the phonon mode close to 370 cm −1 is almost unaffected by the structural phase transitions [ Fig. 4(c) ]. Due to the symmetrylowering phase transition, for T < T JT two additional phonons appear at about 329 cm −1 and 336 cm −1 in the orbitally ordered phase [ Fig. 4(e) ]. Below T JT , GaV 4 S 8 has a rhombohedral structure with R3m symmetry. According to group theory and using the Wyckoff positions from Ref. 2, we expect a total of 21 IR active optical modes at the zone center. Only six modes have been identified, documenting that most of the modes have very low optical weight. It is interesting that the eigenfrequencies remain almost unchanged when crossing the magnetic phase transition. In addition, no further phonon Fig. 4(b) ]. For these modes, the damping is extremely strong in the high-temperature cubic phase and becomes suppressed in the orbitally ordered phase. These phonon modes probably are strongly susceptible to orbital reorientations when approaching the Jahn-Teller transition.
As revealed by Fig. 5 , the temperature dependence of the phonon modes in GeV 4 S 8 behave significantly different compared to the Ga compound. The eigenfrequencies almost follow an anharmonic behavior in the cubic phase, undergo slight softening when approaching the structural phase transitions and show significant jumps or splittings in the orbitally ordered phase (T < T JT = 30.5 K). Additional modes also emerge at the magnetic phase transition. Clear indications of symmetry-lowering splittings are found in GeV 4 S 8 , upon passing the antiferromagnetic phase transition at 14.6 K. We would like to recall that no splitting of phonon modes was observed in GaV 4 S 8 when passing the magnetic phase transition, where cycloidal spin order is established at low temperatures. In the Ge compound, we observe a total of 7 modes in the orbitally ordered phase, whereas 10 modes appear in the antiferromagnetic phase. While the splitting of phonon modes or the appearance of new modes at a symmetry lowering structural phase transition follows quite naturally on the basis of symmetry considerations, the splitting of modes at the onset of AFM order is only rarely observed. The influence of magnetic super-exchange interactions on optical phonon frequencies has been studied in detail almost 50 years ago. 17, 18 Later-on, the splitting of phonon modes in antiferromagnets due to spin-phonon coupling has been explained in terms of a spin Jahn-Teller effect 19 and a linear dependence of the phonon splitting on the exchange coupling has been documented for a number of transition-metal oxides. 24 It demands further modeling and a detailed knowledge of the low-temperature structure in GeV 4 S 8 to arrive at definite conclusions about the origin of the appearance of a number of new phonon modes in the AFM phase.
The damping for the modes close to 450 and 330 cm Without detailed microscopic ab-initio modeling it seems almost impossible to explain jumps in eigenfrequencies and damping. One should have in mind that lacunar spinels belong to the rare class of materials, in which the JT transition induces ferroelectricity, which is rather unusual and has been explained in a case study on GaV 4 S 8 using group theory analysis in Ref. 11 . In this study JT distortions were predicted in a model including electron-phonon coupling. However, even in this case no definite predictions about changes of phonon eigenfrequencies at the Jahn-Teller transition can be made. To do so, the symmetry of low and high temperature phases have to be considered as well as the vibrational pattern and eigenvectors of these specific modes. Things become even more difficult as the JT phase transitions in both compounds under consideration are strongly of first order. 5, 6 Overall, the experimentally observed behavior indicates that in both compounds the highfrequency phonon mode and the mode close to 330 cm −1 are strongly influenced by the JT transition, despite the fact that in the two compounds orbital order induces very different symmetries in the orbitally ordered phases. This is true for both, eigenfrequencies and damping.
Changes of eigenfrequencies and damping on passing the onset of magnetic order are minor in the Ga compound. In the Ge compound we identified additional splitting of the phonon modes when passing the AFM ordering temperature. Based on this fact, we conclude that spin-phonon coupling will be strong. In principle, it should be possible to analyze phonon splittings or phonon shifts induced by magnetic exchange interactions. It has been shown by Baltensperger and Helman 17 and by Brüesch and D'Ambrogio 18 that magnetic exchange interactions influence the force constants and hence the frequencies of lattice vibrations. The frequency shifts of optical phonon modes can be positive or negative, depending on the dominant exchange interactions.
32 However, such an analysis is far beyond the scope of this work. Table I summarizes the main experimental results of this phonon investigation in the high-temperature cubic phase at 100 K. The frequencies of the longitudinal optical (LO) modes can be calculated via the ionic plasma frequency, Ω j , and oscillator strength ∆ j . In this case the transverse optical (TO) mode corresponds to the eigenfrequency ω j . The results in GaV 4 S 8 are in relatively good agreement with those of Ref. 10 deduced at 80 K. Optical phonon frequencies for GeV 4 S 8 at room temperature, as well as in the ferroelectric phase, were also reported by Cannuccia et al.
14 At room temperature these authors found transverse optical phonon modes at 305, 323, 366 and 450 cm −1 , not too far from the values reported in this work (see Tab. I and Fig. 4) . In the orbitally ordered and ferroelectric phase, they observed 6 modes compared to 7 modes, as documented in Fig. 4 of the present work. Obviously, they missed the splitting of the mode close to 450 cm −1 , as shown in Fig. 3(b) . We would like to recall that from the observed eigenfrequencies in the Ge compound, Cannuccia et al. argued about a possible I4m2 structure which is stabilized by strong dynamic JT distortions already far above the structural phase transition. Reference 14 did not report on further splittings when passing the magnetic phase transition.
As became already clear from a first inspection of Fig. 2 , the eigenfrequencies of the Ga and the Ge compound are very similar, which certainly stems from the fact that the two elements are neighbors in the periodic table of elements with very similar masses. However, the oscillator strengths are significantly different. The difference is enormous for the mode close to 320 cm −1 , being almost by a factor of 20 stronger for the Ga compound, signaling that very different effective charges are involved in this lattice vibration. Hence, the overall dipolar strength in the Ge compound is by more than a factor of two lower. This strongly reduced phononic dipolar strength signals very different ionicity of the two compounds, with GaV 4 S 8 being the one with higher ionicity, while GeV 4 S 8 obviously is dominated by significantly stronger covalent bonds. It is also interesting that the high-frequency dielectric constant ( ∞ ) of the Ga compounds is significantly higher in comparison with the Ge compound. Generally speaking, smaller high-frequency dielectric constants usually correspond to larger band gaps and this indeed seems to be the case for these two compounds. The values of the high-frequency dielectric constants from this optical study, plus the oscillator strengths of the IR active modes (20.7 and 13.2 for the Ga and Ge compound, respectively) can be compared with results from THz spectroscopy: At THz frequencies, values of 15 and 9.2 were determined for the dielectric 
B. Electronic transitions
To get a more detailed understanding of the lowlying electronic transitions and specifically, to understand the temperature dependence of the electrical resistivity, which exhibits no simple Arrhenius-like behavior over an extended temperature range, 5, 6 we studied the optical conductivity of both compounds in the wavenumber regime where the conductivity is dominated by electronic transitions within the d bands of the vanadium V 4 molecules. At this point, it is rather unclear if the vanadium d electrons are delocalized (metallic) within the vanadium clusters and only can hop from cluster to cluster, resulting in a semiconducting behavior of the electrical resistance. Note that in the Ga compound the average valence of the vanadium is 3.25, while it is 4 in GeV 4 S 8 , resulting in V 4 molecules with 7, respectively 8 electrons. It is interesting to mention that some type of charge ordering has been reported for the Ge compound at low temperatures. Figure 6 shows the frequency dependence of the optical conductivity of GaV 4 S 8 up to 5 000 cm −1 for a series of temperatures between 8 K and room temperature. Already at first sight, we can identify a strong smearing out of the band edge close to 3 000 cm −1 with increasing temperature. While at 8 K the electronic transition seems to be well defined, resulting in a step-like band edge close TABLE I. Eigenfrequencies of the transverse (ωTO) and longitudinal optical (ωLO) IR active phonon modes in GaV4S8 and GeV4S8 as experimentally observed at 100 K. In addition, the high-frequency dielectric constant, ∞, and the oscillator strengths, ∆ j , of all phonon modes j are given, as well as the optical strength over all experimentally observed IR-active modes.
IR active modes at 100 K GaV4S8 GeV4S8 to 3 000 cm −1 , at 300 K the band edge shows an unusual soft-edge behavior. Similar soft-edge behavior was identified in the optical conductivity of the prototypical correlated electron system, the antiferromagnetic insulator V 2 O 3 , where the conductivity just above the band gap raises with a conductivity exponent of 3/2.
33 However, we think that in the case of lacunar spinels, with a JahnTeller transition inducing orbital order at low temperatures, this soft-edge behavior probably emerges from strong orbital fluctuations dominating the cubic hightemperature phase. This we will outline and discuss later in more detail. Interestingly, an isosbestic point 34 with temperature-independent conductivity appears close to 3 000 cm −1 . Isosbestic points often occur in electronically correlated materials and isosbestic features have been observed and analyzed in THz spectra of iron-based superconductors 35, 36 and of GeV 4 S 8 .
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As outlined earlier, ferromagnetic and semiconducting spinel compounds very often show an unusual shift of the absorption edge as function of temperature. 21, 22 To document this anomalous behavior of the band edge, the temperature dependence of the band gap has been deduced at a constant conductivity value. 21 We were unable to fit unambiguously our σ(ω) curves with a specific frequency dependence for a direct or indirect gap. In order to avoid possible errors by a wrong extrapolation of the wave number dependence of the conductivity, here we also follow the procedure of Ref. 21 to get a rough estimate of the band-edge. Therefore, the apparent energy gapẼ g was extracted by taking the intersection of σ(ω) with a horizontal line at a constant conductivity value. In the inset of Fig. 6 , we show the temperature dependent shift of this absorption edge at constant conductivities of 200 and 400 Ω −1 cm −1 , i.e. just below and above the isosbestic point. Due to significant smearing effects of the band edge,Ẽ g below the isosbestic point decreases, while above it increases with increasing temperature. No significant anomalies can be detected, neither at the structural nor at the magnetic phase transition. The apparent energy gap as determined from these measurements at room temperature and at lower conductivities is close to 350 meV (≈ 2 800 cm −1 ), significantly higher than the value of 240 meV as determined from the temperature dependence of the electrical resistance in the temperature range 70 to 150 K.
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The frequency and temperature dependence of the optical conductivity for GeV 4 S 8 is shown in Fig. 7 . We find a similar evolution of a soft-edge behavior of the band gap as function of temperature: A well-defined steplike band edge in the magnetically and orbitally ordered phase at 10 K evolves into a soft-edge behavior in the high-temperature cubic phase at room temperature. The latter, however, is not as drastic as observed in the Ga compound and the average band gap now has shifted to approximately 4 000 cm −1 . Again, an isosbestic point appears in the frequency-and temperature-dependent conductivity, but now at somewhat higher wave numbers close to 5 000 cm −1 . In the Ge compound this isosbestic point also signals a strong shift of optical weight from lower to higher wave numbers for decreasing temperatures. We followed the same procedure as outlined above to determine an apparent temperature-dependent band gap. Here both values of constant conductivity are chosen below the isosbestic point. The results are shown in the inset of Fig. 7 . In the case of GeV 4 S 8 , we find a blue shift of the apparent band edge with decreasing temperature, which amounts almost 10 % and certainly cannot be explained by thermal expansion. This blue shift saturates at low temperatures below the Jahn-Teller transition. Quite astonishingly, in the temperature dependence of the band edge we find clear signatures of the structural and the magnetic phase transitions: The apparent band gap slightly decreases at the Jahn-Teller transition and again increases roughly by the same amount when entering the antiferromagnetic phase. The apparent band gap as determined at the conductivity of 150 Ω −1 cm −1 and at room temperature approximately amounts 450 meV and is significantly larger than the gap values of 300 meV determined from electrical resistance measurements.
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To further elucidate the energy gaps of GaV 4 S 8 and GeV 4 S 8 , we analyzed the energy dependence of the optical conductivities in more detail. In canonical semiconductors, strict power-law dependences are expected, with exponents depending on the nature of the band gap, with electronic transitions being direct or indirect and IR allowed or forbidden. However, we think that the tremendous smearing of the band energies results from orbital fluctuations in the cubic high-temperature phases. Hence, it seems more appropriate just to perform linear extrapolations of the optical conductivities to zero to get an estimate of the true band gaps that dominate these materials.
In Fig. 8 , this procedure is documented for the Ga compound for a series of temperatures in the magnetic, the paramagnetic and orbitally ordered, and in the hightemperature cubic phases. For the highest and the lowest temperature, dashed lines indicate the linear extrapolation, which was used to analyze the temperature dependence of the band gap. The obtained values are indicated in the inset of Fig. 8 . First of all, because of this extrapolation towards zero conductivity, now the band gaps are much closer to the values as determined from the electrical resistance. At room temperature, the value close to 250 meV corresponds nicely to the values of 240 meV, determined from the temperature dependence of the resistivity determined at lower temperatures.
5 As in the Ge compound, we find a blue shift of the band gap on decreasing temperatures and it reaches values of approximately 350 meV at the lowest temperatures. Astonishingly, this linear extrapolation yields clear anomalies in the temperature dependence of the band gap at the structural as well as at the magnetic phase transition. In contrast, no anomalies were detected in the apparent band gaps (inset of Fig. 6) .
A very similar evaluation is shown in Fig. 9 for the optical conductivities in GeV 4 S 8 . Again, the extrapolation procedure to determine the temperature dependence of the band gap is documented by dashed lines for the lowest and highest temperatures. The results are indicated in the inset of Fig. 9 . On decreasing temperature, the band gap increases from 350 meV up to 475 meV at the lowest temperatures. From electrical resistivity measurements the insulating gap in the Ge compound was of the order of 300 meV, 6 not too far from the values determined from these optical experiments. In the case of the Ge compound, the strong blue shift saturates below 100 K. Again, both anomalies, the structural as well as the magnetic phase transition can easily be identified in the temperature dependence of the gap energies. The energy gap seems to be slightly suppressed in the orbitally ordered but paramagnetic phase.
Figures 6 and 7 document an extreme smearing out of the band edges. At low temperatures both lacunar spinels under consideration exhibit well-defined band edges at low temperatures and a drastic soft-edge behavior at room temperature. These smearing-out effects are closely linked with transfer of optical weight and with the occurrence of isosbestic points. Hence, to unravel the nature of this band-edge softening it seems important to estimate the temperature dependence of the optical weight for a given spectral range for both compounds. The optical or spectral weight is rigorously defined as the area under the conductivity spectrum and only depends on the electronic density or, naively, on the number of electrons. Integrating up to the highest frequencies it must be constant for a given material. Figure 10 shows the spectral weight for both compounds, accounting for the optical conductivities up to wave numbers of 5 000 cm −1 . This upper limit is chosen rather arbitrarily, but in both compounds the estimated wave number regime covers the main smearing effects of the band edges and also covers both isosbestic points. We have to admit that the experimental uncertainties are drastically different in the two compounds. The scatter of the data is large in the Ga compound. In contrast, the temperature dependence of the optical weight is well defined in GeV 4 S 8 . Nevertheless, a number of important conclusions can be drawn from this figure. As can be already detected in the raw data presented in Figs. 6 and 7, the transfer of optical weight behaves rather different in the two compounds. For the Ga compound, optical weight is steadily decreasing with increasing temperature. There are indications of step-like drops at the magnetic and at the structural phase transition, but these steps are almost within experimental uncertainty. Overall and beyond experimental uncertainty, with increasing temperature optical weight is shifted from low to high energies. We would like to add, that the optical weight in GaV 4 S 8 calculated up to 10 000 and 15 000 cm −1 reveals a very similar temperature dependence. We conclude that in this case transfer of optical weight must be to much higher energies beyond 15000 cm −1 (≈ 2 eV). The temperature dependence of the optical weight is completely different for the Ge compound. At low temperatures, the spectral weight is a factor of four lower compared to the GaV 4 S 8 . On increasing temperatures, it increases at T N and subsequently decreases at T JT and then steadily increases up to room temperature gaining almost a factor of two. In contrast to the Ga compound, with increasing temperatures spectral weight is transferred from high to low energies. It is interesting to note that in the Ge compound, when the optical weight is integrated up to 10 000 cm −1 , the spectral weight is constant and temperature independent. This fact documents that in the latter compound optical weight is shifted only at lower wave numbers. To summarize, in GaV 4 S 8 a transfer of optical weight from low to high energies takes place on increasing temperatures. In this compound, the transfer of optical weight obviously involves wave numbers significantly larger than 15 000 cm −1 . In GeV 4 S 8 this transfer is observed at low temperatures, involving wave numbers below 10 000 cm −1 only. At the moment we have no reasonable explanation for the transfer of optical weight in these two compounds and we have no explanations for the drastically different behavior. Significant bandedge shifts have been observed for a number of spinel compounds 21, 22 and in europium chalcogenides 37, 38 and have been explained by magneto-elastic couplings.
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IV. SUMMARY AND CONCLUSIONS
We have presented a detailed study of the optical reflectivity in the lacunar spinels GaV 4 S 8 and GeV 4 S 8 . Phonons and low-lying electronic transitions are studied as function of temperature. The lacunar spinels of this study are cluster compounds with V 4 molecules with a unique electronic distribution and well-defined spin. Both compounds show orbital order induced ferroelectricity and complex magnetic phases at low temperatures. Different Jahn-Teller distortions result in different crystal symmetries of the orbitally ordered phases and in cycloidal spin order in the Ga and in antiferromagnetic order in the Ge compound.
In both compounds, we found four phonon modes in the high-temperature cubic phase, with similar eigenfrequencies but significantly different dielectric strengths.
In the temperature dependence of the phonon frequencies and damping coefficients, we detected significant deviations from the canonical behavior of anharmonic solids. At the Jahn-Teller transitions, the splitting of phonon modes is different in the two compounds due to differences in the symmetry of the orbitally ordered phases. No further splitting of modes is observed for the Ga compound in passing to the cycloidal spin order at low temperatures. In marked contrast, the Ge compound, which undergoes antiferromagnetic spin ordering, reveals significant splitting at the magnetic phase boundary. These findings seem to indicate that, in contrast to GaV 4 S 8 , the magnetic transition in GeV 4 S 8 is accompanied by lattice distortions and that spin and lattice degrees of freedom are strongly coupled in this compound. This notion is well consistent with measurements of the dielectric constant in both materials: While in GaV 4 S 8 , (T ) does not exhibit any significant anomalies at the magnetic transition, 5, 8 in the Ge compound both, the absolute values and the dispersion effects of , become strongly suppressed below the antiferromagnetic phase transition at T N (Refs. 6, 7). This indicates that polar lattice distortions are strongly involved in this transition, which is also in accord with the findings of thermalexpansion measurements performed for GeV 4 S 8 (Ref. 6 ).
The lowest electronic transition in the Ga and in the Ge compound appears close to 3 000 and 4 000 cm −1 , respectively. Both compounds reveal a smearing out of the band edge on increasing temperatures. We think that this behavior mainly arises from orbital fluctuations when approaching the structural Jahn-Teller transition.
At the present stage, it seems unclear if a smearing out of electronic transitions can appear while the phonon modes seem to be much less affected. Of course, as documented in Figs. 4 and 5, some modes reveal a rather high damping in the high-temperature cubic phase, but overall all phonon excitations are rather well defined at all temperatures. It is clear that the relevant electronic transitions as documented in Figs. 6 and 7 represent transitions between the d-derived bands of the vanadium ions, which directly participate in the orbital dynamics. However, it also could play a role that orbital fluctuations appear on a time scale faster than vibrational but slower than electronic frequencies. From a linear extrapolation of the optical conductivities, we arrive at an energy gap of 260 meV for the Ga and of 360 meV for the Ge compound at room temperature. These values are in reasonable agreement with band gaps as determined from the temperature dependence of the electrical resistance. 5, 6 In both compounds we found considerable shift of spectral weight. The shift of spectral weight on decreasing temperature is completely different and exactly opposite for the two compounds under consideration.
